INTRODUCTION
The neural and motor basis of birdsong is of interest to a variety of disciplines ranging from cellular neuroscience to behavior (Konishi 1985; Konishi et al. 1989) . Most studies on the physiology of birdsong have focused on its central motor control or the sensorimotor integration of song acquisition and production in the avian brain (e.g., Konishi 1989; Margoliash et al. 1994; Vicario 1994; ), yet even these aspects of this complex learned behavior remain poorly understood. Still less is known about the motor basis of song production at the level of the vocal organ, the syrinx, itself (e.g., Nowicki and Marler 1988 ; Vicario 199 1 a). Such information may provide insights into how this important form of vocal communication is represented and executed by the nervous system, as well as into its ontogenetic and evolutionary development within the physiological and motor constraints of the peripheral vocal system.
The syrinx of songbirds is located at the bifurcation of the trachea into the primary bronchi. Sound is presumably generated by the medial tympaniform membranes ( MTMs) , which vibrate in response to high subsyringeal air sac pressure and a partial constriction of the airway. Four pairs of intrinsic and two pairs of extrinsic syringeal muscles, innervated ipsilaterally by the tracheosyringeal branch of the hypoglossal nerve, are believed to serve an important role in sound generation and modulation. The movements of the lateral labium, which is thought to act as a valve, are mediated by syringeal muscles that presumably also control the phonology of the sound (Brackenbury 1989; Gaunt 1987; Greenewalt 1968 ) .
Hypotheses about the function of specific muscles have been derived from anatomic evidence (King 1989) and morphological studies of dissected syringes and syrinx models (e.g., Chamberlain et al. 1968; Dtirrwang 1974; Miskimen 195 1) . Most physiological data on the role of muscles have been derived indirectly by experimental manipulations of syringeal neuromuscular structures, such as nerve section (Nottebohm 1968 ) . Recent studies of syringeal dynamics and motor patterns of the intact syrinx in spontaneously vocalizing songbirds are reviewed by Vicario ( 199 1 a) . Simultaneous recording of airflow through the bronchi and subsyringeal air sac pressure directly demonstrate independent control of the two sound sources and show that the rate of airflow through each side of the syrinx is actively controlled. Each side can be fully closed against forces exerted by subsyringeal pressure, and the resistance to airflow on each side can be modulated independently of the other side or the air sac pressure (Allan and Suthers 1994; Suthers 1990 Suthers , 1992 Suthers et al. 1994) . These direct measurements confirm earlier hypotheses that active control of syringeal mechanisms through syringeal musculature is necessary for song production.
The first electromyographic recordings (EMG) from syringeal muscles in a songbird showed that the two largest muscles, m. syringealis dorsalis (dS) and m. s. ventralis ( VS ) , are clearly involved in song production and show distinct patterns associated with song (Vicario 199 1 b) . Their specific roles during vocalization remain uncertain, because simultaneous data on changes in the resistance on each side of the syrinx are not available. Goller and Suthers ( 1995 ) studied syringeal muscle EMGs in the context of lateralized song production. During unilateral phonation the silent side is fully adducted. Adduction is consistently accompanied by strong EMG activity in the dorsal but not the other syringeal muscles, suggesting that syringeal adduction is the main function of dorsal muscles.
In an attempt to investigate the specific roles of syringeal muscles during song production, we monitored muscle activity electromyographically while recording bilateral airhow and air sac pressure in brown thrashers. Results reported here address for the first time in detail the role of syringeal muscles in regulating airflow through the syrinx during song. The roles of syringeal muscles in controlling the phonology of song are discussed elsewhere (unpublished observations).
METHODS

Experimental birds
Male brown thrashers were taken out of the nest as S-to 7-dayold nestlings and hand reared in the laboratory. They were tutored with tape recorded conspecific song between ages 1 and 7 wk and then kept in an aviary together with brown thrashers of mixed ages. They were also exposed to songs of grey catbirds (Dumetella carolinensis), cardinals (Cardinalis cardinalis), and rufous-sided towhees (Pipilo erythrophthalmus). Nine adult male brown thrashers were used in this study.
Preparation for surgery
The experimental procedure to record bilateral airflow and air sac pressure is described in detail in Suthers et al. ( 1994) . Because the same procedures were used to prepare birds for experiments and to implant recording devices, only a summary is presented here.
Vigorously singing birds were taken from the aviary, and song was recorded before any experimental manipulation. A 15mg pellet of testosterone propionate (Innovative Research of America) was implanted subcutaneously to increase singing. After -1 ,OOO-2,000 syllables had been recorded, the bird received an elastic belt around its thorax with a small self-gripping tab (Velcro) positioned on the back for later attachment of connectors.
Surgical implantation
Air sac pressure was recorded with a flexible cannula (Dow Corning, Silastic tubing 602-205), inserted into the anterior thoracic air sac and connected to a piezoresistive pressure transducer (Fujikura, FPM-02PG). Access to the syrinx was gained through a midline incision between the furcula into the interclavicular air sac. Thermistor probes (manufactured with microbead thermistors, Thermometrics BB05JA202 0.125 mm, attached to copper nickel alloy wire, California Fine Wire PD-135 H-ML 0.05 mm) were inserted into the bronchi through a small hole, made approximately four bronchial rings caudad to the syrinx, and secured in place with n-butyl cyanoacrylate tissue adhesive (Nexaband, Veterinary Products Laboratories).
After both thermistors were in place, one to four pairs of wire electrodes were implanted into the syringeal muscles. Electrodes were prepared from insulated stainless steel wire (California Fine Wire SS304, H-ML 0.025 mm) with -0.2 mm of insulation stripped off at the tips that were aligned in a fish hook type fashion. A thin coat of epoxy was applied a short distance from the tip to secure the tip arrangement and allow handling with forceps. A small hole was made into the outermost fascia with forceps through which the electrode tips were inserted into the muscle tissue. Elec- trodes were secured to the muscle fascia with a microdrop of tissue adhesive. Before closing the air sac with surgical sutures and tissue adhesive, all the wires (thermistors and EMG) were led out and routed subcutaneously to the back. Connections to signal conditioning and recording instrumentation were made via a set of microconnectars fastened to the Velcro tab.
Placement of electrodes
A varying number of muscles have been described for the passerine syrinx with little agreement on anatomic or functional units (e.g., King 1989) . In this study, recordings were made from five or six different muscles (Fig. 1) . Our nomenclature follows that of King ( 1989) . No attempts were made to record from all potential subdivisions of each muscle. Electrodes were placed in approximately the same location on the left and right side in all thrashers (Fig. 1) . In vS, recordings were made only from the medial, exposed part of the muscle and not from more lateral parts that are covered by m. tracheobronchialis ventralis ( vTB). M. tracheolateralis (TL) runs along the trachea and consists of a ventral and dorsolateral component that probably have different functional roles. In this study, electrodes were inserted on the ventral side at the caudal end near the attachment to tracheal rings. However, because of the small size of TL, electrode tips may have extended into the dorsolateral portion of this muscle.
Access to the dorsal muscles was limited, and, with our ventral approach to the syrinx, only the most lateral parts could be reached for recording. Recordings were obtained from lateral portions of dS (m. syringeus obliquus sensu Warner 1972). In thrasher 41 a second pair of electrodes was implanted more dorsally into the left dorsal musculature with the aim to record simultaneously from m. tracheobronchialis dorsahs (dTB). Because dTB covers dS, it can-not be excluded that dTB electrode pairs also recorded activity from the underlying dS. Data from dorsal muscles are therefore pooled. The left dorsal area was much more accessible than the right, and it was usually not possible to rotate the syrinx sufficiently to see potential insertion sites in the right dorsal muscles without causing damage to the m. stemotrachealis (ST) or a risk of putting excessive tension on the thermistor wires. Therefore the analysis of activity of dorsal muscles is mainly based on data from the left side (n = 4); data from the right dS in one bird confirm these results. We were unable to obtain simultaneous bilateral recordings from dorsal muscles.
Recording of data
The recording of data started when thrashers began to sing again, usually l-3 days after surgery. To monitor airflow through both sides of the syrinx, the microbead thermistors were heated to a constant temperature ( -70°C).
The rate of airflow was determined as the amount of current needed to maintain the thermistor's temperature (Hector Engineering).
Because both expiratory and inspiratory airflow produce upward deflections of the airflow trace, the subsyringeal air sac pressure was used to determine the direction of airflow: negative respiratory pressure causing inspiratory flow and positive pressure causing expiratory flow. EMGs were differentially amplified and band-pass filtered 000 Hz) (Princeton Applied Research, model 113). All these parameters together with microphone recordings of the vocal output were digitally recorded on separate channels of a rotary storage recorder (Metrum Information Storage, model RSR512).
In most cases, EMG recordings had very good signal-to-noise ratios and were essentially free of movement artifacts. Recordings from smaller muscles, such as ST and TL, were more difficult and generally of lower quality. After -10 days the signal-to-noise ratio deteriorated in several preparations, presumably caused by increasing impedance at the interface between the electrode tips and the tissue.
We recorded from each muscle, with the exception of dTB (n = l), in at least three individuals.
Between 200 and 400 syllables were digitized and analyzed for each bird.
Data analysis
All recorded channels were played back at half speed as analogue signals and digitized at 20 kHz per channel, resulting in a real time digitization rate of 40 kHz per channel (Data Translation, DT-2821-G; frequency and time scales were corrected for half-speed playback).
Data were subsequently analyzed with the use of Signal ~2.2 software (Engineering Design). Because calibration of the output of the microbead thermistors is not feasible due to the dynamically changing diameter of the bronchus, nonlinear, relative changes of the flow rate are presented here. For this reason, air sac pressure data are also not presented in absolute units; however, the output of the pressure transducer is linear over the range encountered.
EMG recordings were rectified (with the use of the ENV procedure in Signal; O.l-ms time constant) for amplitude and duration measurements and for clarity of presentation. Where available, EMGs from adjacent muscles were inspected visually and with cross-correlation analysis (Signal) for potential cross talk (Loeb and Gans 1986) . Cross talk was only detected in muscles that were inactive or weakly activated when an adjacent muscle (vTB, vS) was very strongly activated. Even then cross talk was -20 dB below the EMG amplitude of the recorded muscle and did not present a problem in interpreting data. 
RESULTS
Silent respiration and muscle activity
Syringeal EMG activity in a silent resting bird is weak compared with that during song or intersyllable breaths and is usually not significantly above noise levels. This indicates that during song many more motor units are recruited than are active during silent respiration.
Silencing syrinx by fill adduction
An important characteristic of song in brown thrashers is frequent switching of sound generation between the two sides of the syrinx (Fig. 2) . The switching involves silencing one side by adducting it to prevent airflow. Unilateral sound production may be used to generate entire syllables or for rapid switching between the sides within one complex syllable (see also Suthers et al. 1994) . Song syllables are phonetically variable and complex and are presented in a relatively slow sequence.
Both sides of the syrinx contribute about equally to song production (Suthers 1990 ). Closure of one side of the syrinx, when air sac pressure is positive, is always accompanied by strong EMG activity in the ipsilateral dorsal muscles, dS and dTB (Fig. 2) . Bursts in these dorsal muscles precede, by 9.2 + 0.3 ms (mean + SE, n = 139), adduction of the syrinx, as indicated by a decrease in the rate of airflow to zero. During unilateral phonation, parallel changes in the EMG activity on the continuously closed side precede modulations in the pressure trace throughout the syllable. Lower pressure is accompanied by decreasing EMG activity and higher pressure by increasing activity, respectively (Fig. 3) , suggesting that in these cases the effort of syringeal adductors is adjusted to oppose varying forces generated by air sac pressure.
Frequently, one or both sides of the syrinx are kept closed for a short period at the start of expiration as pressure builds up for sound generation. After this brief period of adduction (lo-20 ms), air starts to flow through one or both sides, and sound is generated. In these cases, dorsal muscles are strongly activated during the period of full adduction, and muscle activation decreases shortly before the onset of the syllable (Fig. 4) .
Only dS and dTB have such a consistent correlation between their electrical activity and closure of the ipsilateral syrinx. EMG activity in VS is high during full adduction in some syllables (e.g., the 1st 2 syllables in Fig. 5 ), but in other unilaterally produced syllables VS is not noticeably active (e.g., 3rd syllable in Fig. 5 ). The strength of VS activity on the silent, closed side is highly correlated with the activity of VS on the contralateral, phonating side (Goller and Suthers 1995) rather than with adduction. Neither is EMG activity in vTB and TL correlated with full adduction (Fig. 6 ). Many bursts in these two muscles precede an increase in the rate of airflow (see below). In brown thrasher 4. EMG activity in dS and vTB during transition from phonation to inspiration. In these syllables that are generated on the left side, the left side remains adducted during the initial generation of the positive air sac pressure cycle that is accompanied by strong EMG activity in dS (marked by arrows). Alternating activity in dS and vTB coincides with initiation of inspiratory air flow during negative air sac pressure (shaded column) between each syllable. EMG activity in both muscles is low during sound production. Abbreviations as in Figs. I and 2. airflow, dS EMG activity does not differ for different air sac pressures. Overall, EMG activity of the dorsal adductor muscles correlates positively with syringeal resistance, and correlation coefficients range from 0.45 to 0.56 (log-transformation of resistance values resulted in a linear correlation) and are consistently higher than correlations between airflow (log transformed) and EMG activity. We suspect that part of the unexplained variability can be attributed to complex interactions with other syringeal muscles or changing respiratory effort by abdominal muscles. In brown thrasher 41, where dS and dTB were recorded simultaneously, there is no indication that dTB is activated more when dS activity is lower, thus making it unlikely that compensation depends on interaction between these two muscles. Antagonistic action by other syringeal muscles, however, may explain some of the variability in the activation patterns of dorsal muscles. This is consistent with the fact that syringeal resistance is similar in the syllables in Fig. 8 even though the EMG strength in dS and vTB, which probably act antagonistically (see below), is greater during the second syllable.
Correlations of EMG activity and resistance are much weaker in the ventral and extrinsic muscles (R2 < 0.25). There is no consistent relationship between air sac pressure, rate of airflow, and EMG activity in vTB (Fig. 9b) , where correlation coefficients are lowest (R* = o-0.04).
Syringeal abduction
Active abduction is more important during intersyllable inspirations than during 0.2 s FIG. 6. Uni-and bilaterally generated syllables with bilateral EMG recordings from TL and vTB. Activity in these muscles is not correlated with full adduction of either side (ipsilateral adduction is shaded for each side). Arrow marks a weak burst before inspiratory airflow. Abbreviations as in Figs. 1 and 2. 22, where simultaneous bilateral recordings were made from vTB and TL, patterns of muscle activation are consistently very similar for these two muscles (Fig. 6) .
Activation patterns of ST are not correlated with full adduction either (Fig. 7) . Bursts in ST occur frequently during fast changes in the rate of airflow. During the first syllable in Fig. 7 , activation of ST persists throughout the periods of modulated airflow.
Syringeal resistance
The resistance to airflow (R) on each side of the syrinx is here approximated as the ratio of air sac pressure to the rate of ipsilateral airflow (P/F). Because the thermistor response is not linear, the resistance trace is also nonlinear. Nevertheless, syringeal resistance, presented in this fashion, indicates the extent of adductive action that is necessary to produce sound. All syllables are generated while the syrinx is in a partially adducted state (Fig. 8) , but the degree of adduction can vary greatly.
Some of the complexity of the relationship between airflow, air sac pressure, and dS EMG activity is illustrated in Fig. 9~ . For similar values of subsyringeal pressure, EMG strength in dS increases with decreasing airflow and thus correlates positively with syringeal resistance (Fig. 9~ ). There are no consistent changes in EMG strength, however, when one compares data for a given rate of airflow over increasing subsyringeal pressure, which also indicates changing resistance (Fig. 9a) . Especially at low rates of Bilateral EMG activity in ST during periods of right side adduction (shaded areas) and bilateral phonation. In the 1st syllable STR is activated in rhythmic bursts that overlap with the period of decreasing and increasing airflow (marked by lines). In this section inspiratory air flows only through the left side, which is activated strongly during the transition from expiration to inspiration (arrows).
Note also the activation in brief bursts coinciding with rapid oscillations in airflow during the 2nd syllable. Abbreviations as in Figs. 1 and 2 . phonation. The end of a syllable is usually marked by reduction of positive air sac pressure, causing the rate of airflow to decrease toward zero. In most cases this is followed by a brief negative air sac pressure leading to inspiratory airflow (Figs. 2-7) ). These inspiratory events are accompanied by distinct activity in dS, ST, TL, and vTB (Figs. 4 and 7) . EMG bursts in these four muscles are temporally offset, such that activity in dS coincides with closing of the syrinx before the breath and activity in TL and vTB coincides with the onset of inspiratory airflow. Bursts in ST overlap with bursts in both of these muscle groups (Fig. 10 ). This respiratory activity was found in all recordings from vTB, TL, and ST. The amplitude of these EMG bursts varies in different recordings of the same muscle, when compared with their respective activity during phonation, as illustrated by EMG activity in vTB from thrashers 41 (Figs. 4 and 8) and 22 (Fig. 6 ). Whereas bursts of activity are present in vTB, TL, and ST for nearly every breath, dS was active in only 70% of the intersyllable inspirations by thrasher 41 and 25% by thrasher 50. PHONATION. EMG bursts in vTB and TL coincide frequently with increasing airflow through the ipsilateral side of the syrinx, suggesting that their activity causes abduction (Fig. 8) . However, whereas adductor muscles are activated in all cases of adduction, vTB and TL are not consistently active during decreasing: resistance. During phonation, active abduction is not used as frequently as adduction. Abduction of the syrinx during high subsyringeal pressure characteristic of phonation may be accomplished either passively by decreasing activity of adductor muscles or actively by contraction of abductor muscles.
Syllables with oscillatory changes in airflow
Syllables with rapid oscillations of the rate of airflow are typical of the brown thrasher's song. In these syllables, airflow can oscillate on either only one or both sides of the syrinx. The changes in flow rate are not driven by air sac pressure but instead reflect very precise temporal gating activity by the syrinx . Oscillations have a period of -8-25 ms and vary in amplitude. During periods of flow oscillations, dorsal muscles, dS and dTB, always generate respective bursts of electrical activity in synchrony with flow modulations (Fig. 1 la) . Each burst lasts between 2 and 12 ms and precedes or coincides with the phase of decreasing flow rate (Fig. 12) . Moreover, the amplitude of the flow oscillations is positively correlated with the amplitude of the EMG bursts in the dorsal muscles CR 2 = 0.75-0.86, n = 3; Fig. 13a ). In general, the amplitude of these bursts is even higher than that during full adduction and much higher than activity during other phonatory activity (Fig. lla) .
Oscillatory changes in flow are not always accompanied by EMG activity in vTB. Noticeable activity in vTB is pres- ent in 70% of the syllables ( IZ = 120) and consists of synchronized bursts that generally precede or concur with increasing airflow. The peak EMG activity in vTB is more broadly distributed over the period of flow oscillation than is the case in dorsal muscles (Fig. 12) . Variable synchronization of vTB bursts with activity in dorsal muscles and flow modulations is frequently present in repeated oscillations in one syllable (Fig. 1 lh) . Partial overlap between burst activity in vTB and dorsal muscles and high amplitude in vTB at the beginning of the syllable coincide with flow oscillations of low amplitude. As bursts in vTB alternate with bursts in dS and the strength of vTB bursts decreases, the amplitude of flow oscillations increases (Fig. 11 b) . Overall, the amplitude of EMG bursts in vTB is negatively correlated with the magnitude of the oscillation but correlations are weak ( R2 = 0.25 and 0.20, n = 2; Fig. 13b ). This suggests that oscillatory changes in airflow are precisely regulated through antagonistic interaction between dorsal muscles and vTB as well as respiratory muscles. Because in many of these syllables air sac pressure does not strongly reflect airflow modulations, the pressure generating abdominal muscles must compensate for rapid changes in syringeal aperture (see also Suthers et al. 1994) .
EMG activity in TL and ST during flow oscillations consists also of brief synchronized bursts if these muscles are activated and bursts are aligned with increasing flow rate (Figs. 7 and 12) . Activity in VS can be burstlike or a sus- SYRINGEAL MUSCLES 873 tained constant activation throughout the syllable. In all syringeal muscles, strong recruitment of motor units is indicated by the fact that the amplitude of their EMG is frequently greater than that observed during any other activity.
DISCUSSION
By correlating syringeal muscle activity with changes in airflow, air sac pressure, and sound, the data presented here provide the first direct measure in songbirds of the functional role of specific syringeal muscles in gating and controlling airflow during song production. In addition, activation patterns of syringeal muscles reveal high precision in central motor control involving complex interactions between them. Because different thrashers do not commonly share syllables, data from all syringeal muscles are not available for one particular syllable, restricting this analysis to composite data from different syllables. The large repertoire of thrasher song, however, provides data on a multitude of syringeal 11. Rapid flow oscillations are accompanied by synchronized EMG bursts. a: 2 examples of syllables with rapid oscillations in airflow and synchronized EMG bursts in dS and vTB. Note the high amplitude of bursts in comparison with activation during the period shortly before the 2nd note of each syllable during which the left side is closed. h: detailed view of the oscillatory flow modulations on the left side (2nd note, 1st syllable in Fig. 1 la) with varying synchronization of EMG bursts in dS and vTB. See text for discussion. I  I  I  I  I  I  I  I geal muscles is also influenced by abdominal muscles that dSgenerate the positive air sac pressure driving airflow. Changes in contraction of dorsal syringeal muscles may be counteracted by simultaneously changing activity of respiratory muscles, potentially modulating the rate of airflow without detectable changes in measured air sac pressure.
In zebra finches (Taeniopygia guttata), dS is activated in variable patterns during sound generation. In call notes with marked amplitude modulation (AM), dS activation is most prominent during periods of reduced sound amplitude (Vicario 199 lb) . If AM is produced by modulating the rate of airflow as in brown thrashers, dS activity may also coincide with adduction. AM of parrot vocalizations is also correlated with electrical activity of intrinsic muscles (Gaunt and Gaunt 1985) .
Anatomic studies support this interpretation (Ames 197 1; Chamberlain et al. 1968 ). Movement of a bronchial semiring mediated by antagonistic syringeal muscles affects the position of the lateral labium enabling it to rotate in and out of the bronchial lumen, thus regulating airflow through the syrinx.
ABDUCTIVE
ACTION BY vTB AND TL.
vTB is consistently active shortly before and during the onset of inspiratory airflow during the short breaths inhaled between syllables where rapid full abduction of the syrinx is desirable. Active abduction by muscle activation lowers syringeal resistance enough Percentage of oscillation to permit the relatively low negative inspiratory pressure to achieve rates of airflow comparable with those attained by much higher pressures during song, more quickly replacing the air exhaled during the previous syllable.
Synchronization of EMG bursts with airflow oscillations. The peak amplitude of EMG bursts in syringeal muscles was used for alignment with the change in airflow. One period of flow oscillation is schematically depicted (line). Flow oscillations are expressed in percentage oscillatory period to account for variable duration.
mechanisms that would not be available in a species with more stereotyped song.
Gating mechanisms ADDUCTIVE
ACTION BY DORSAL MUSCLES.
In thrashers, the main role of the dorsal muscles, dS and dTB, is syringeal adduction. During adduction, electrical activity in these muscles is proportional to the degree of constriction of the ipsilateral side of the syrinx. However, not all of the EMG activity in dorsal muscles correlates with syringeal resistance. Part of this apparent variability may be due to interactions with other syringeal muscles. Concurrent antagonistic action by vTB (Fig. 8 ) may sometimes be required for phonetic reasons but also increases the opposing adductive force necessary to maintain a constant level of syringeal resistance. In addition, interactions between the two sides of the syrinx may also influence adductive activity. For example, the amplitude of EMG activity in the left dS is highest at the beginning of the syllable even though the subsyringeal pressure is similar to that during the two subsequent peaks of EMG activity (Fig. 3b) . Because the right syringeal lumen is more constricted at the beginning of the syllable than during the latter part, the higher total resistance may be reflected in the EMG amplitude on the left side. Adductive action by syrinFurthermore, vTB &tivcy is frequently aligned with decreasing syringeal resistance during phonation. The absence of an overall negative correlation of vTB activation and syringeal resistance is consistent with the finding that adductor muscles alone can effectively regulate syringeal resis- tance during high subsyringeal pressure, which tends to open the syrinx. During phonation, vTB seems to fine tune syringeal resistance and phonetic configuration.
In syllables with rapid oscillations, vTB bursts are not as precisely synchronized with a particular phase in the flow oscillation as are bursts in dorsal muscles.
The timing of EMG activity in the ventral portion of TL is strikingly similar to that of vTB, suggesting these two muscles are synergistic. In fact, Warner ( 1972) described vTB as a morphological and a functional continuation of TL. However, in zebra finches the motoneurons of these two muscles are located in distinct noncontiguous areas in the hypoglossal nucleus (Vicario and Nottebohm 1988) . The hypothesis that intrinsic syringeal musculature, including vTB, evolved from extrinsic muscles, such as TL, of nonpasseriform birds is consistent with the interpretation that TL also has an abductive action in nonpasserines (Gaunt and Gaunt 1977; Lockner and Youngren 1976; Suthers and Hector 1985; Youngren et al. 1974 ).
ROLE
OF VS IN GATING AIRFLOW.
In brown thrashers VS probably controls the tension of the MTM because its activity is highly correlated with sound frequency (Goller and Suthers 1995; unpublished observations) .
If it has any role in syringeal adduction, it must be secondary and is not evident in its effect on syringeal airflow.
This conclusion is in contrast to interpretations of VS EMG activity during phonation in zebra finches where VS electrical activity includes a strong burst beginning at the end of every syllable and persists throughout the intersyllable interval (Vicario 1991b ). Vicario suggested that zebra finches use VS to terminate sound production by abducting the syrinx. All other studied species of songbirds normally terminate sound production by closing their syrinx .
Although no concurrent data on syringeal airflow and pressure are available in zebra finches, we suggest that the strong bursts in VS at the end of phonation abduct the syrinx and permit zebra finches to take quick intersyllable inspirations, as do all other songbirds for which airflow data are available (Allan and Suthers 1994; Hartley and Suthers 1989; Suthers 1990; Suthers et al. 1994) .
If this interpretation is correct, the proposed function of VS still differs between zebra finches and brown thrashers because VS does not appear to have an abductive role in thrashers. However, in the small zebra finch syrinx, VS may withdraw the MTMs from the syringeal lumen by tensing them and thus serve a more important role in the regulation of syringeal aperture than in the much larger thrasher syrinx.
ST activity is frequently associated with rapid changes in the rate of airflow during phonation or the switching from expiration to inspiration during song bouts. Because the duration of EMG bursts in ST overlaps with both decreasing and increasing airflow, it is not likely that ST acts directly in opening or closing the syrinx to airflow. Contraction of ST in thrashers may stabilize the cartilaginous framework upon which quick gating action by other muscles is executed. A similar role for ST was proposed in the common crow (Corvus brachyrhynchos) (Chamberlain et al. 1968 ). The mechanical effect of ST contraction, reducing tension on the MTMs, is probably similar in passerine and nonpasserine species (Gaunt and Gaunt 1985; Miskimen 195 1; Suthers and Hector 1985) . In nonpasserines, such as oilbirds (Steatornis caripensis) and swiftlets ( Collocalia spodiopygia) Hector 1982, 1985 ) , which have few or no intrinsic syringeal muscles, ST has an important adductive role in both initiating and terminating vocalization.
Physiological per$ormance of syringeal muscles
There is no direct information about the physiological performance of songbird syringeal muscles. In the oilbird, syringeal muscles contain slow and twitch fibers (Suthers and Hector 1985) . Our data provide some indirect evidence of the in situ performance of syringeal muscles.
Rapid patterns of AM in birdsong have raised questions about the shortening velocity of syringeal muscles. The song of the sedge warbler (Acrocephalus schoenobaenus) consists of rapid trills that are produced at a pulse rate of 20-80 Hz with superimposed modulation frequencies of pulses reaching 600 Hz. Brackenbury ( 1978) speculated that modulations up to 120 Hz may be produced by neurogenic contractions of extrinsic syringeal muscles and faster modulations by myogenic action of intrinsic syringeal muscles. In brown thrasher song with similar rates of AM, there is no evidence of a difference in contraction mode between extrinsic and intrinsic syringeal muscles. In contrast, intrinsic adductor muscles, and in some cases other muscles as well, are activated in synchrony with reductions in airflow, accounting for AM up to 125 Hz. Higher AM frequencies are generated as difference tones . Control of syringeal aperture is precisely reflected in the electrical activity of syringeal muscles. Small rhythmic fluctuations in airflow are accompanied by synchronized EMG bursts with a minimum duration of 2 ms. Activation of antagonistic muscles is precisely timed. Similar temporal precision is employed in the case of inspirations during song when the syrinx is switched rapidly from an expiratory to an inspiratory configuration.
Temporal precision is also required in switching sound production from side to side. Switching phonation between the two sides of the syrinx is an important characteristic of thrasher song that increases its acoustic diversity and may be a mechanism facilitating the production of a large song repertoire. Phonation is prevented by closure of one side of the syrinx that is achieved by contraction of the ipsilateral dorsal adductor muscles. However, motor output to the other syringeal muscles is not lateralized during unilateral sound production (Goller and Suthers 1995) , illustrating the complexity of interactions between the two sound sources of the syrinx.
INTEGRATION
OF SYRINGEAL AND RESPIRATORY MOTOR AC-TIVITY.
Contraction of abdominal muscles produces the high expiratory pressure that is required for phonation. During the initial rise of pressure, dorsal muscles are frequently strongly activated to keep the syrinx closed. Syringeal adductor activity is reduced at higher pressures to permit air-flow and sound generation, suggesting that their tension is adjusted to configure the syrinx into a phonatory position at a precise point during the pressure cycle.
A high degree of coordination between syringeal and respiratory muscles is also evident in unilaterally produced syllables where adductor activation on the closed side of the syrinx is adjusted to maintain closure despite modulations in air sac pressure (Fig. 3) . A converse integrative mechanism, rapid adjustment of activity in respiratory muscles to changes in syringeal resistance, also occurs . In these syllables, air sac pressure remains nearly constant despite rapid changes in the rates of airflow through the two sides of the syrinx. In addition, as discussed earlier, complex synchronized interaction of syringeal and respiratory muscles probably contributes to the precise control of syringeal airflow but is difficult to detect without simultaneously monitoring the activity of respiratory muscles.
These observations suggest that the organization of motor programs for syringeal and respiratory muscles is not entirely hierarchical. Neither motor system is systematically imposed on the other but, frequently, both work in concert, suggesting a significant role for sensory feedback between vocal and respiratory motor control.
